Arterial blood and expired gas samples were taken from 20 patients before operation and on the first day after upper abdominal surgery. After operation the patients were studied breathing air and also breathing 35% oxygen from a venturi-type mask. Preoperative Pa 02 decreased with age, and PAo a -Pao 3 increased with age. The relationship of PA 03 -Pao, with age was exaggerated by operation. Pao 3 after operation was closely related to, and lower than, the preoperative value. The postoperative Pao a during oxygen therapy correlated well with the postoperative Pa 03 breathing air. Severely hypoxaemic patients show less improvement of oxygen tension during 35% oxygen therapy.
Patients studied after upper abdominal surgery have arterial oxygen tensions which are less than their preoperative values. Such hypoxaemia persists for several days after operation (Gordh, Linderholm and Norlander, 1958; Palmer, Gardiner and McGregor, 1965; Knudsen, 1970) , and is more severe than after surgery on the extremities. The magnitude of hypoxaemia is related to both age (Nunn, 1965) and pre-existent lung disease (Marshall and Wyche, 1972) , and may be altered by postoperative regional analgesia such as extradural block (Spence, Smith and Harris, 1970) .
Such hypoxaemia may result from either shunting of blood through areas of pulmonary collapse (Diament and Palmer, 1967) , which may be radiologically undetectable (Nunn et al., 1965) ; or from an increase in the degree of mismatching of ventilation with perfusion (V/Q inequality) throughout the lung (Nunn and Payne, 1962; Hollmen and Saukkonen, 1972) ; or from a combination of both mechanisms (Sellery, 1968) .
The efficiency and predictability of oxygen therapy in the correction of hypoxaemia following upper abdominal surgery has not been fully investigated. If the major cause were the shunting of blood through collapsed, unventilated areas of lung, then little benefit would accrue from treatment with moderate increases in the inspired oxygen concentration. However, if the hypoxaemia were caused by greater imbalance of ventilation and perfusion, even small increases in inspired concentration would lead to improvement, provided the im- balance was not severe (Nunn and Payne, 1962) . This supposition is supported by the theoretical predictions of West (1969) . He showed that if the distribution of ventilation: perfusion ratios within the lung were assumed to be of a log normal pattern, then an increase in the scatter of these ratios would lead to a reduction in Pao 3 and an increase in Pa<x> 2 . Although compensatory hyperventilation can easily reduce the increased Pace,.,, it has little effect upon the Pao 2 . He predicted that, because high inspired oxygen concentrations had little effect upon the end capillary blood leaving regions of very low V/<J, large alveolar-arterial oxygen tension differences would be found at high inspired oxygen concentrations if the V/Q scatter was marked. The predictions supported the findings of Cole and Bishop (1963, 1967) and have been substantiated by recent estimates of the distribution of V/Q ratios (West, 1974) .
The effects of oxygen therapy in the period following surgery have been determined during oxygen administration by inflatable facemask (Conway and Payne, 1963) , nasal catheter (Stephen and Talton, 1964) , and the Edinburgh mask (Davis and Spence, 1972) . Comparisons between different devices were made by Kory and others (1962) and Tantum (1969) . The inspired concentration from 6uch devices is not constant, but may vary from breath to breath, depending upon such factors as the minute volume and the inspiratory flow rate (Leigh, 1970) . However, oxygen masks that use the venturi principle (Campbell and Gebbie, 1966) can deliver constant concentrations of oxygenenriched air at flow rates in excess of peak inspiratory flow. Although these masks have been assessed in the treatment of hypoxaemia associated with chronic obstructive airway disease (Schiff and Massaro, 1967; Bedon, Block and Ball, 1970) , their use has not been reported in the treatment of persistent postoperative hypoxaemia. It was considered that not only would such an assessment be of clinical value but in addition it might allow further elucidation of the cause of hypoxaemia in this period.
METHODS
Twenty patients gave their consent to the study. All were about to undergo elective upper abdominal surgery for either peptic ulcer or biliary tract disease. Written consent was obtained from the patients after detailed explanation of the extent and nature of the procedures involved.
Height, weight and any history or symptoms of chest or heart disease were noted. Premedication, anaesthetic agents and postoperative analgesic regime were chosen by the anaesthetist involved and the medical staff associated with the patient. These details were recorded, together with the site of incision and the type and number of abdominal drains.
All the patients except one received very similar premedication (papaveretum and atropine), anaesthesia (thiopentone, nitrous oxide, halothane and a muscle relaxant), and postoperative analgesia (papaveretum "on demand"). One patient received diazepam premedication (10 mg orally), phenoperidine supplements during anaesthesia, and diamorphine after operation.
Forced expiratory volume in 1 sec (FEV,) and forced vital capacity (FVC) were measured before operation with the patients standing. Arterial and expired gas sampling were carried out with the patients in a standard semi-recumbent position (with the head and trunk supported at 50° to the horizontal), which in general seemed to be the most comfortable on the first day after operation.
Whenever possible, measurements after operation were made within 2 hr of a routine dose of opiate analgesic. This was to reduce the small amount of inevitable discomfort associated with the measurements. The agent, and the dose, varied according to ward routine.
Three samples were taken, the first on the day before surgery with the patient breathing air, the second on the first day after operation with the patient breathing air, and the third directly following with the patient breathing from a 35% Ventimask for 20-40 min. The mask was supplied with oxygen at a flow rate of 8 litre/min, and the same mask and flowmeter were used throughout the investigation. Analysis of the delivered mixture at the start and end of the investigation, using a Servomex 101 oxygen analyser, showed that the delivered concentration remained unchanged at 34.7%.
Arterial sampling was by direct puncture of the radial artery using a 21 or 23 gauge needle. A collateral circulation to the hand from the ulnar artery was first ascertained using Allen's test (Allen, 1929) . The skin and tissues around the artery at the point of puncture were infiltrated with 1% lignocaine. Despite this, pain was felt by several patients at the moment of arterial puncture.
During the withdrawal of 5 ml of arterial blood into a glass syringe over a period of about 1 min, the patient breathed through a flanged mouthpiece which was designed to allow sampling of small amounts of gas through a tube of about 1 mm internal diameter. This tube led away for about 15 cm to a hub where a glass sampling syringe and a tap could be inserted. A nose clip was used to ensure mouth breathing.
Two to three ml of gas were taken into the syringe towards the end of expiration, with no instructions or comments to the patients about their pattern or depth of breathing. Three aliquots from separate exhalations were taken into the syringe, so that the resultant mixture represented an "average sample" from these exhalations. Three syringes were filled in this manner, with the sampling spread over the period of withdrawal of the arterial sample.
Gas and blood samples were analysed for oxygen and carbon dioxide tensions using an IL113 electrode system. The oxygen electrode was calibrated using water equilibrated with room air at 37 °Q No patient was pyrexial at the time of blood sampling.
For subjects breathing air, alveolar oxygen tension was calculated using the graphical method of Leigh and Tyrrell (1968) . Oxygen tension (abscissa) is plotted against carbon dioxide tension (ordinate) ( fig. 1 ). In this diagram the inspired, mixed expired and alveolar gas compositions are related by a straight line whose slope is the gas exchange ratio R. Any gas sample coming from the lung should fall on this line.
Points representing the Po 3 and Pco. values of the three gas samples were plotted on the diagram and the best fit of gas R line was calculated by the method of least squares, subject to the constraint that the line should pass through the known Po, value on the abscissa representing the Pio s . Continuous analysis of oxygen concentration at the lips during inspiration, using a mass spectrometer, showed that the Ventimask did not always provide a constant inspired oxygen concentration. Consequently, this method for estimation of alveolar tension was not applied during oxygen therapy. Subsequent, simultaneous oxygen and carbon dioxide analysis allowed verification of this method of determination of R.
O, was assumed to be identical to Psico, and alveolar oxygen tension was calculated using this value and the slope of the R line.
True values for the instantaneous gas exchange ratio (R) were calculated from the gas R line and the Fioj using the formula of Leigh, Strickland and Conway (1972) . Student's paired f-test was used for comparisons between groups, and correlation and regression data were computed.
RESULTS
Clinical and spirometric details of the patients studied are given in table I. Weight is expressed as a percentage of the average for subjects of the same age, sex and height (Documents Geigy Scientific Tables).
FVC is expressed as a percentage of the predicted value (Miller, Johnson and Wu, 1959) . A value more than 30% below predicted was considered abnormal. One patient was unable to perform the whole of the FVC manoeuvre correctly and this FVC value is omitted. FEVj and FEVV FVC ratios were assessed using the limits of normal given by Berglund and others (1963) . In nine patients at least one of the FVC, FEVi or FEVF VC values was below the normal range. One of these patients was asthmatic, and of the remaining eight only one was neither a smoker nor a chronic bronchitic (according to the MRC definition).
The surgical incision was in all cases in the Table II gives the mean values for Pao, before and after operation and during oxygen therapy. Using Student's t-test for paired samples, no significant change was found in the postoperative samples, but oxygen therapy was associated with a small increase of 3 mm Hg which was statistically significant (P<0.001).
A small reduction in the mean value of the gas exchange ratio (R), which was significant on paired testing, occurred after operation (table III) . Age, Pao, and calculated alveolar-arterial Po, differences for the sampling periods are given in table IV. A small number of arterial and gas samples were either insufficient or unsatisfactory for technical reasons, and were discarded.
The relationship of Pao, before operation with age is illustrated in figure 2 . The correlation coefficient and linear regression parameters for this and further correlations are given in table V. Pao, is seen to be inversely related to age before operation.
Pao 3 values after operation are plotted in a similar figure 3 , and compared with the preoperative regression line. A reduction in Pao, occurs on the first day after surgery. Figure 4 shows the individual values for the Pao 3 during oxygen therapy together with the regression lines for the values during air breathing before and after operation. The effect of oxygen therapy is predicted only poorly on the basis of the age of the patient, suggesting that other factors are more important in determining the response. The correlation of the preoperative and postoperative values for Paoi during air breathing with age is statistically significant (P=0.05 and 0.01 respectively), but that during oxygen therapy just fails to reach significance (P=0.06).
Figures 5 and 6 illustrate the relationships of PAO 3 -Pao, with age during air breathing in the periods before and after operation. A good relation- ship of PAo,-Paos with age is found for both values, but the relationship of PAo,-Pao, to age is exaggerated by operation. The slope of the regression, PAo 3 -Pao,, on age is increased after operation. The significance of the correlation of both Pao, and PAOJ-Pao, with age is greater after operation.
Factors that were acting to cause reduction of Paoj before operation might be accentuated by operation. One of these factors is seen to be age, but other factors, such as obesity, and airway damage caused by smoking, could be important. Accordingly, the relationship between values of Pao 3 before and after operation was investigated, and is illustrated in figure 7 . This correlation is statistically highly significant (P<0.001). In a similar way, figure 8 shows that the response of a patient to oxygen therapy after operation is most closely related to the Pao, of the patient breathing air. This relationship is also statistically significant (P<0.01), whereas die relationship of Pao, on oxygen with age fails to reach significance. 
DISCUSSION
The index PAO,-Pao, is often used to express the efficiency of arterial oxygenation, rather than the Pao, itself, in an attempt to eliminate changes in PAO, as a cause of altered arterial oxygenation. In the calculation of alveolar oxygen tension, the gas exchange ratio (R) is commonly assumed to be constant at 0.8. However, it is possible that during arterial sampling by intermittent puncture, temporary changes in breathing pattern may alter gas exchange, and render this assumption invalid. For example, an actual R of 1.0 rather than an assumed value of 0.8 would result in a true value for PAO,-Pao, that was 8 mm Hg greater than the calculated value. Intermittent arterial puncture does not, in fact, significantly alter the Pace even when sampling is painful (Glauser and Morris, 1972) . However, transient hyperventilation at the time of sampling may alter R with, at first, little change in the Paco, (Farhi and Rahn, 1954) , and thus PAo, may still change even if Paco, remains unaltered. The high R values found in this study indicate an unsteady state at the time of sampling. Reduced apprehension at repeat sampling, or the sedative effects of analgesics administered after surgery might both contribute to the reduction in R. Ellison and others (1966) estimated the gas exchange ratio using timed expired air collections, and found a slight reduction in the period following surgery. However, these workers considered samples with R values outside the range 0.7-0.9 as evidence of an unsteady state, and disregarded them. Spencer and others (1972) have shown that the gas exchange ratio may vary considerably in the period after operation.
Nine of the 20 patients studied had abnormal spirometric tests. A further six were smokers, and small airway disease may sometimes be detected in smokers with normal spirometric lung function tests (McCarthy et al., 1972) . A further two patients were more than 10% heavier than their predicted weight, and it seems from previous studies that obesity must be considered as a significant abnormality (Bendixen et al., 1965; Hollmen and Saukkonen, 1972) .
Despite such a sample, the relationship found between Pao 3 before operation and age agrees well with that obtained by Marshall and Wyche (1972) using pooled data from several investigations. Table  VI compares the data from the present study with these and other results from previous studies. The relationships of Pao, after operation with age found by Palmer and Gardiner (1964) and Kitamura, Sawa and Dcezono (1972) in similar clinical circumstances correspond closely with the relationship found in this study. The slightly lower intercept found in the present study may reflect the higher incidence of respiratory disease in these patients.
It has been shown that upper abdominal surgery exaggerates the influence of age on the Pao 2 , and this eflFect becomes more marked in the later period after operation, possibly representing a worsening of the maldistribution of ventilation (Kitamura, Sawa and Ikezono, 1972) . Oxygen therapy has a more marked eflFect in the younger patient, but the relationship is not close. A similar, slightly steeper and statistically significant regression line was reported by Davis and Spence (1972) using higher but more variable inspired oxygen concentrations.
Age is only one of a number of factors associated with a worsening of V/Q imbalance. Other factors, such as posture, smoking, obesity, lung disease, pain following surgery, abdominal muscle spasm (Spence and Alexander, 1972) , and abdominal distension, are likely to be of importance. It is probable that these factors increase regions of low V/Q by increasing the amount of airway closure in the tidal range. West (1974) has shown that some older patients do, in fact, have an increase in lung regions with low V/Q ratios. Patients in this study varied greatly in these respects, apart from all being studied in the same position, and nearly all having vacuum drainage of the abdomen. Thus the relationship between Pa 0 , and age is likely to be obscured by the effects of these other factors.
The additional influence of a common single factor is seen in the close relationship of Pao 3 after operation to Pa 03 before operation. An upper abdominal operation causes a reduction in Pao 3 that is less severe in those patients who already have a reduced Pa Oj . This strongly suggests that the effect is caused by an increase in the areas of lung with low V/Q ratios, or an overall worsening of the distribution of ventilation in the lung. The theoretical predictions of West (1969) indicate that such a relationship is found with increasing maldistribution of ventilation, if it is assumed that operation increases the scatter by a similar amount in all patients, and if the overall ventilation is increased to maintain a constant Paco a .
The hypothesis that hypoxaemia after surgery is caused by poor distribution of ventilation is supported by the relationship between the Paoj during oxygen therapy and the Pao 3 breathing air after operation. An increase in inspired oxygen concentration has a greater eflFect in those patients with a high Pa O i when breathing air; that is, in those patients with less maldistribution. These findings agree with those predicted, and are in agreement with the effects of fixed concentration oxygen therapy in patients with chronic obstructive lung disease (Mithoefer, Keighley and Karetzky, 1971) . These workers showed that the Pao 3 during oxygen therapy was proportional to the Pao, on air, and demonstrated a response to 35% oxygen similar to that shown in this study.
It is probable that the slightly greater response that these authors found using 35% oxygen was because the administration of premixed gas from a mouthpiece prevented any possible air dilution, which could possibly occur with the Ventimask.
It was widely accepted that the contribution to postoperative hypoxaemia from the shunting of blood through collapsed areas of lung could be measured by the effect on the Pa Oa of breathing 100% oxygen (Diament and Palmer, 1967) , as maldistribution of ventilation should not affect arterial oxygenation in this situation (Farhi and Rahn, 1955) . However, prolonged breathing of pure oxygen may be needed to achieve complete washout of nitrogen from regions of lung with low V/Q ratios (Haab, Piiper and Rahn, 1960; Okinaka, 1966 ). In addition, it is possible that breathing 100% oxygen will itself alter the degree of shunting in the lung (Dery et al., 1965; Muneyuki et al., 1968; Wolff et al., 1972; and Markello, Winter and Olszowka, 1972) . West (1974) has shown that breathing 100% oxygen is associated with conversion of regions with low V/Q ratios into regions which are perfused but not ventilated.
Previous recommendations on oxygen therapy have suggested that a Pao 3 below 60 mm Hg is undesirable and have suggested inspired oxygen concentrations in the range of 30-40% for patients recovering from operation (Sub-committee of the Standing Advisory Committee, Scottish Home and Health Department, 1969; Editorial, 1971) . This study indicates that 35% oxygen is sufficient for the majority of patients after surgery, but it is possible that old, or severely hypoxic patients may require higher concentrations, since these patients show the least response. 
SUMAWO
Se tomaron de 20 pacientes, antes de la operaci6n y en el primer dia de spues de cirugia abdominal superior, muestras de sangre anerial y gas expirado. Despu^s de la operaci6n, se observaron los pacientes respirando aire y tambiin respirando el 35% de oxigeno de una mascara tipo venturi. El Pa<>, preoperatorio disminuy6 con la edad, y el PAo, -Pao, disminuy6 con la edad. Le relacion entre PAo, y Pao, con la edad se exagero por operaci6n. Despu6s de la operaci6n, el valor Pao, fue muy afin, y por debajo, del preoperatorio. El Pao, postoperatorio, durante la terapia con oxigeno, fue correlativo al Pao, postoperatorio del aire respirado. Pacientes muy hipoxemicos muestran menor mejora de la tensi6n de oxigeno durante terapia del 35% de oxigeno.
